The objective of this study was to determine whether brief focal ischemia induces ischemic tolerance in rat brain. Focal ischemia was produced in Wistar rats by occluding the middle cerebral artery (MCA) for 20 min at a distal site. Following recovery for 24 h, the animals were SUbjected to a lO-min episode of forebrain ischemia using a combination of bilateral carotid artery occlusion and systemic hypotension. Histologic injury, assessed af ter a survival period of 3-4 days, consisted of selective neuronal necrosis bilaterally in cerebral cortex, striatum, hippocampus, and thalamus superimposed upon a small cortical infarct adjacent to the site of MCA occlusion. However, the intensity of neuronal necrosis in the MCA territory of the neocortex ipsilateral to MCA occlusion was markedly less than that in the contralateral MCA cortex. In contrast, the extent of neuronal necrosis in subcortical structures was similar in both hemispheres.
Unexpectedly, animals in which the MCA was manipu lated, but not occluded, also exhibited a marked reduc tion of neuronal necrosis in the ipsilateral MCA neocor tex following forebrain ischemia. However, in animals with craniotomy alone, forebrain ischemia caused a sim ilar extent of neuronal necrosis in the MCA neocortex of both hemispheres. Transient occlusion of the MCA in duced the focal expression of the 72-kDa heat-shock pro tein (hsp72) in the MCA territory of the neocortex. Lim ited expression of hsp72 was also detected following sham occlusion, but not after craniotomy alone. These results demonstrate focal induction of ischemic tolerance in rat neocortex that may be related to expression of heat shock proteins. Key Words: Cerebral ischemia-Heat shock proteins-Ischemic tolerance-Neuronal injury N europrotection.
view, see Lindquist and Craig, 1988) . The induction of tolerance in many cells has been shown to de pend on the synthesis of heat-shock proteins (Landry et aI. , 1982; Li and Werb, 1982; Subjeck et aI. , 1982) . However, in the nervous system, the role of heat-shock proteins in the induction of ischemic tolerance remains unclear.
In cultured neurons, induction of the 72-kDa heat-shock protein (hsp72) has been associated with increased tolerance to glutamate toxicity (Lowen stein et aI. , 1991; Rordorf et aI., 1991) . In an animal model, pretreatment of gerbils with brief ischemia induced the synthesis of hsp72 in CAl neurons of the hippocampus and increased the tolerance of these neurons to a subsequent episode of ischemia (Kirino et aI. , 1991) . Thus, a correlation exists be tween neuronal induction of hsp72 and increased tolerance. However, pretreatments such as brief ischemia and hyperthermia cause a wide range of systemic and cerebral alterations that may also in fluence the extent of injury resulting from a subse-quent period of ischemia. In particular, when injury is compared in separate groups of animals, it is dif ficult to exclude the contribution of these alter ations on the extent of ischemic injury.
The objective of the present study was to develop a model in which ischemic tolerance could be as sessed in individual animals. In addition, we wished to determine whether ischemic tolerance could be demonstrated in a structure other than the hippo campus. Thus, we attempted to induce focal toler ance in the cerebral cortex using brief occlusion of the middle cerebral artery (MeA). To test for tol erance, forebrain ischemia was used to produce se lective neuronal necrosis bilaterally in cerebral cor tex. Finally, the effects of brief focal ischemia on the regional expression of hsp72 were examined.
Preliminary results of this work have been reported previously (Glazier et aI. , 1992 (Glazier et aI. , , 1993 .
METHODS

Animal preparation
Focal ischemia. Male Wistar rats, weighing 250-350 g, were given free access to food and water prior to surgery. Anesthesia was induced with 2% halothane, and the ani mals were intubated and mechanically ventilated with a mixture of 1% halothane, 30% O2, balance N20. A tem perature probe was inserted into the rectum and regulated at 37.soC using a heating lamp. A catheter was placed in the tail artery for measurement of arterial pressure, P02, Pc02, pH, glucose, and hematocrit.
The head of the animal was placed in a stereotaxic frame and the MCA on the right side was exposed as described previously (Moyer et aI., 1992) . A stainless steel wire, 18 fLm in diameter and bent at 90° to form a hook, was maneuvered with a micromanipulator under the MCA just above the rhinal fissure. The hook was then raised 2-3 mm above the cortical surface to occlude flow through the MCA. A total of 12 animals underwent a 20-min episode of MCA occlusion. Two groups (N = 4 animals per group) of sham-operated animals were pre pared. In the first, a craniotomy was made, but the dura was left intact. In the second group, the dura and pia arachnoid were removed and the occluding hook was lowered momentarily under the MCA but not raised. Fol lowing the period of occlusion or sham operation, the wound was infiltrated with xylocaine and the skin flap sutured over the cranial defect. The tail catheter was then removed, and the animal was extubated and returned to his cage for a recovery period of 24 h.
Forebrain ischemia. After 24-h recovery from MCA occlusion or sham operation, the animals were subjected to 10 min of forebrain ischemia using a modification of the two-vessel occlusion method (Smith et aI., 1984) . Briefly, the animals were anesthetized with halothane, intubated, and mechanically ventilated as described above. A tem perature probe was inserted into the rectum and con nected to a heating lamp to maintain the core temperature at 37.soC. A tail artery catheter was inserted proximal to the previous cannulation for measurement of arterial vari ables. Through a neck incision, the common carotid ar-J Cereb Blood Flow Metab, Vol. 14. No.4, 1994 teries were exposed and encircled with loose-fittin � liga tures for subsequent occlusion.
The animal was then placed in a chamber regulated at 37.soC and 95-100% humidity (Minamisawa et aI., 1990) . The common carotid arteries were occluded using tem porary Sugita aneurism clips (SIMS Surgical, Inc., Keane, NH, U.S.A.), and within 2 min, the mean arterial pressure was lowered to 30-40 mm Hg by exsanguination through the tail artery. After 10 min of forebrain isch emia, the blood was reinfused and the carotid ligatures were released to permit reperfusion. The animal was re tained in the 37.soC humidified chamber for an additional 60 min, during which time systemic hyperthermia was prevented using cooling coils located beneath the animal.
In separate experiments, the temperature of the MCA territory of the neocortex was measured with a 22-gauge needle thermistor. In these animals, the brain tempera ture remained at 37.5 ± 0.2°C (N = 5) during ischemia and reperfusion. After recovery for 60 min, the animal was removed from the chamber, the neck wound was sutured, and the tail artery catheter and endotracheal tube were removed. Rectal temperature was regulated at 37 .5°C for an additional 2 h or until the animal was awake. The animal was then returned to his cage for a survival period of 3-4 days.
Histopathology
Animals were anesthetized with pentobarbital and per fusion-fixed transcardially with 40% formaldehyde/glacial acetic acid/absolute methanol (8: 1:1; FAM). The animals were then decapitated and the heads were immersed in FAM at 4°C for 24 h. The brains were removed from the cranium and immersed in F AM at 4°C for an additional 24 h before transfer to a mixture of 70% methanol in water. The brains were then embedded in paraffin, and sections 6-7 fLm thick were cut and stained with hematoxylin and eosin. Histologic sections were examined by one of us (D.l.G.) without knowledge of the experimental protocol. Necrotic neurons were identified by their shrunken size, angular shape, eosinophilic cytoplasm, and condensed nucleus with a loss of nuclear detail. An array of dots of varying densities was drawn on line diagrams of coronal brain sections to denote the distribution and relative in tensity of neuronal necrosis. In addition, areas of cortical infarction were denoted on the diagrams. The intensity of neuronal necrosis in several regions of brain was graded bilaterally using the following four-point scale: 0 = no necrotic neurons; 1 = few necrotic neurons; 2 = many necrotic neurons; and 3 = very many necrotic neurons. Interhemispheric differences in grade of neuronal injury were tested for statistical significance using the Wilcoxon signed-ranks test.
In situ hybridization
A separate group of eight animals underwent 20-min MCA occlusion and reperfusion for 2 h. Two additional animals were given sham occlusion as described above, and two more were given craniotomy alone. The animals were euthanized using CO2 asphyxiation, and the brain was removed from the cranium, frozen in dry ice, and mounted on microtome chucks. Brain sections were cut at a thickness of 20 fLm in a cryostat at -11°C, dried on subbed slides, fixed in 4% paraformaldehyde, and rinsed with a solution of 30 mM Na citrate, 300 mM NaCI [2x saline-sodium citrate (SSC)]. A 30-mer oligonucleotide with the sequence, 5'-C GAT CTC CTT CAT CTT GGT CAG CAC CAT GG-3', was used to detect the inducible form of hsp72 (Nowak et aI., 1990; Miller et aI., 1991) . The oligonucleotide was labeled on the 3' end with [35S]dATP using terminal transferase. The labeled probe was isolated and hybridized to tissue sections overnight at 37°C in 4x SSC. After rinsing for 2 h each in 1 x SSC and 0.5 x SSC at 37°C, the sections were dried and placed in contact with Kodak XAR film for 1 week.
Immunohistochemistry
Two animals underwent 20 min of MCA occlusion, fol lowed by 24 h of recovery. The animals were then anes thetized with pentobaribital and transcardially perfusion fixed with 4% paraformaldehyde. The brains were re moved, postfixed for 1-2 h, and sectioned on a vibratome at a thickness of 100 /Lm. Immunohistochemistry was per formed the same day using the avidin-biotin/horseradish peroxidase technique (Elite Vectastain, Burlingame, CA). The sections were placed in 0.1 M P04, pH 7.4, 0.15 M NaCI (phosphate-buffered saline) PBS containing 2% horse serum and 0.2% Triton X-IOO for 2 h at room tem perature. The sections were then reacted with primary antibody (mouse monoclonal RPN-1l97; Amersham, Ar lington Heights, IL, U.S.A.) at dilutions of 112,000 and 1/500 in PBS for 48 h at 4°C. Additional sections were incubated in PBS without primary antibody. After rinsing in PBS, the sections were incubated in the secondary antibody (biotinylated horse anti-mouse, 1-500) for 3 h at room temperature. Sections were then placed in avidin/ horseradish peroxidase solution for 3 h before reaction with diaminobenzidine (15 mg/IOO ml PBS).
RESULTS
Arterial variables
There were no significant differences in arterial variables among the three groups of animals (Table   1 ). Mean arterial pressure was reduced to 31-38 mm Hg during the 10-min episode of forebrain ischemia.
Histopathology
In each of the experimental groups, ischemic in jury consisted of selective neuronal necrosis in the cerebral cortex, striatum, hippocampus, and thala mus of both hemispheres. In addition, there was a small cortical infarct near the site ofMCA occlusion or sham occlusion. Infarcts were not detected in animals pretreated with craniotomy alone.
In animals pretreated with transient occlusion of the MCA, the intensity of selective neuronal necro sis was greater in the contralateral parietal cortex than in homologous regions of the ipsilateral cortex ( Fig. 1) . Thus, many necrotic neurons were identi fied throughout the contralateral cortex ( Values are means ± SD.
ronal necrosis in the dorsolateral striatum, CAl hippocampus, and thalamus was similar in both hemispheres. Unexpectedly, in animals pretreated with sham occlusion of the MCA, the intensity of neuronal necrosis in the parietal cortex was also greater in the contralateral than in the ipsilateral hemisphere ( Fig. 2b) . However, in animals pre treated with craniotomy alone, the density of neu ronal necrosis in the parietal cortex was similar in both hemispheres (Fig. 2c ).
The intensity of neuronal necrosis in several re gions of the brain was graded bilaterally in all of the animals tested (Table 2) 
Expression of hsp72
In a separate series of animals, regional expres sion of hsp72 mRN A was assessed 2 h after occlu sion of the MCA or sham occlusion (Fig. 3 ). Ex pression of hsp72 mRNA was not detected in ani mals with craniotomy alone (data not shown).
Occlusion of the distal MCA caused focal induction of hsp72 mRNA in the MCA neocortex, with the strongest expression occurring in the outer layers of the cortex (Fig. 3a) . Hsp72 mRNA was also de tected following sham occlusion, although expres sion was restricted to the outer cortical layers (Fig.   3b ). The regional distribution of hsp72 mRNA ex pression for all of the animals tested is illustrated in spheres (Smith et al., 1984) . The mechanism of ischemic tolerance observed in the present study remains to be determined. In previous investigations, induction of hsp72 has been associated with neuronal tolerance to ischemia (Kirino et al., 1991) and glutamate toxicity (Lowen stein et al., 1991; Rordorf et al., 1991) . Likewise in the present study, expression of hsp72 occurred in regions of the neocortex that exhibited ischemic tol erance. Immunoreactive hsp72 was induced in py ramidal neurons of layers 3-5, precisely those cor tical neurons reported to be selectively vulnerable to forebrain ischemia (Pulsinelli and Brierley, 1979; Smith et al., 1984) . These results suggest that in duction of heat-shock proteins in pyramidal neu rons may have been one of the factors contributing to their deceased vulnerability. However, there are a number of alternative mechanisms that require consideration (see below).
An unexpected finding of the present study was the cortical expression of hsp72 and induction of ischemic tolerance following sham occlusion of the 1  3  1  2  1  1  1  3  3  0  0  3  3  2  2  3  3  2  2  1  1  1  0  0  2  2  0  0  3  3  3  3  2  2   3  2  1  1  I  0  0  2  2  0  0  2  2  2  2  0  2   4  2  I  1  I  0  0  I  I  0  0  1  1  1 Yamada et aI., 1989) . Since bFGF has been reported to di minish hypoxic-ischemic injury (Nozaki et aI., 1993) , it is possible that increased levels of bFGF may have enhanced neuronal tolerance in the present study. However, the increase in bFGF was limited to the immediate vicinity of the cortical le sion (Finklestein et aI., 1988 Finally, the metabolic consequences of cortical irijury may also contribute to ischemic tolerance.
MCA occlusion
Cortical lesions produced by local freezing have been reported to cause a long-lasting depression of glucose utilization in many regions of the ipsilateral hemisphere (Pappius, 1981) . A reduction in meta bolic rate could delay the depletion of energy me tabolites during an episode of forebrain ischemia and, thus, diminish the extent of neuronal necrosis.
However, the regional pattern of hypometabolism following a cryogenic lesion does not closely resem ble the pattern of ischemic tolerance in the present study. Thus, the reduction in glucose metabolism occurred throughout most of the ipsilateral cortex as well as in selected subcortical structures. Wheth er a similar reduction in glucose utilization follows MCA occlusion or sham occlusion has not been de termined.
Interestingly, in a preliminary study, focal infarc tion in cerebral cortex was reported to induce isch emic tolerance in the adjacent CAl hippocampus of gerbils (Suzuki et al. , 1993) . protective role for hsp72 and other heat-shock pro teins, the mechanism of ischemic tolerance remains unproven,
